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»54) Title: APPARATUS FOR APPLYING OPTICAL GRADIENT FORCES 

|5T> Abstract 

An apparatus and method for manipulating small 
oieleciric panicles. The apparatus and method involves 
use of a diffracti ve optical element (40) which receives 
j loser beam and forms a plurality of tight beams. These 
light beams are operated on by a telescope lens system 
(34) and then an objective lens element (20) to create 
an array of optical traps (50) for manipulating small 
dielectric panicles. 
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This invention was made with U.S. Government support under Contract No. DMR- 
9320278 awarded by the National Science Foundation, through the MRSEC Program of the 
National Science Foundation under Award No. DMR-9400379, and through a GAANN 
fellowship from the Department of Education. 

The present invention is related generally to a method and apparatus for manipulating 
small dielectric panicles or other materials using optical gradient forces. In particular, the 
invention is related to a method and apparatus which uses focused laser light directed by a 
diffractive optical element, such as a hologram or diffraction grating, to create any one of a 
variety of selectable optical field patterns to assemble or direct paniculate materials, or other 
affected materials, into a desired spatial pattern for any one of a myriad of uses. 

It is known to construct optical tweezers using optical gradient forces from a single 
beam of light to manipulate the position of a small dielectric panicle immersed in a fluid - 
medium whose refractive index is smaller than that of the panicle. The optical tweezer 
technique has been generalized to enable manipulation of reflecting, absorbing and low 
dielectric constant panicles as well. 

The current conventional systems therefore can manipulate a single panicle by using a 
single beam of light to generate a single optical trap. To manipulate multiple particles with 
such systems, multiple beams of light must be employed. The difficulty of creating extended 
multiple-beam traps using conventional optical tweezer methodology inhibits their use in many 
potential commercial applications such as the fabrication and manipulation of nanocomposite 
materials including electronic, photonic and opto-eiectronic devices, chemical sensor arrays 
for use in chemical and biological assays, and holographic and computer storage matrices. 

It is therefore an object of the invention to provide an improved method and system for 
establishing a plurality of optical traps. 

It is another object of the invention to provide a novel method and system for using a 
single beam of light with diffractive optics for forming a configuration of light beams for 
establishing a plurality of optical traps. 

It is an additional object of the invention to provide a novel method and apparatus for 
using holograms for generating an optical gradient field for controlling a plurality of panicles 
or other optical media. 
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It is a further object of the invention to provide an improved method and system for 
establishing a plurality of optical traps for a variety of commercial applications relating to 
manipulation of small particles such as in photonic circuit manufacturing, nanocomposite 
material applications, fabrication of electronic components, opto-electronic devices, chemical 
and biological sensor arrays, assembly of holographic data storage matrices, facilitation of 
combinatorial chemistry applications, promotion of colloidal self-assembly, and the 
manipulation of biological materials. 

It is still another object of the invention to provide an improved method and system for 
constructing a temporally and spatially varying configuration of optical gradient fields for 
commercial applications. 

It is also an object of the invention to provide a novel method and system for using one 
or more laser beams in conjunction with one or more diffractive optical elements for 
constructing a selectable time varying and/or particular spatial array of optical traps for . 
manipulating a dielectric material. 

It is yet a further object of the invention to provide an improved method and system 
using a single input laser beam, a diffractive optical element, and a diverging and/or 
converging lens to form a static or dynamic optical trap. 

It is still an additional object of the invention to provide a novel method and system for 
constructing an optical trap array which is directly observable by a user. 

It is also a further object of the invention to provide an improved method and system 
employing a laser beam input to a diffractive optical element with a beam scanning system 
enabling scanning of an array of optical traps for various commercial applications. 

It is in addition another object of the invention to provide a novel method and 
apparatus for constructing an optical trap configuration using a laser beam, a diffractive 
optical element and a diverging or converging optical system to form the trap configuration at 
a selectable location relative to an objective lens focal plane. 

It is still another object of the invention to provide an improved method and apparatus 
for using a laser beam and an obliquely positioned diffractive optical element to filter out any 
undifff acted beam for efficient utilization of only a diffracted optical beam in constructing an 
optical trap arrangement. 
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h is yet another object of the invention to provide a novel method and apparatus for 
using a laser beam input to a diffractive optical element to generate at least a two-dimensional 
arrangement of optical traps out of the focal plane of an objective lens. 

It is also yet another object of the invention to provide an improved meihod and system 
for employing a light beam and diffractive optics in conjunction with a plurality of telescope 
lenses to scan an optical trap array. 

It is yet an additional object of the invention to provide a novel method and system for 
establishing an array of optical traps using a single light beam input to a diffractive optical 
element and an optical system for controliably scanning the optical trap array such that small 
amplitude oscillatory displacements are applied to dynamically stiffen the optical traps. 

It is another object of the invention to provide a novel method for creating multiple 
independently steered optical traps using a time -dependent addressable phase-shifting medium 
(such as a liquid crystal phase shifting array) as a diffractive optical element. 

It is a further object of the invention to provide a novel method for creating time- 
dependent optical gradient fields for the segregation of microscopic panicles. 

It is yet another object of the invention to provide a novel method for manipulating a 
plurality of biological objects including the crystallization of proteins. 

Other objects, features and advantages of the present invention will be readily apparent 
from the following description of the preferred embodiments thereof, taken in conjunction 
with the accompanying drawings described below wherein like elements have like numerals 
throughout. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE 1 illustrates a prior an method and system for a single optical tweezer; 
FIGURE 2 illustrates a prior an method and system for a single, steerable optical 
tweezer; 

FIGURE 3 illustrates a method and system using a diffractive optical element; 

FIGURE 4 illustrates another method and system using a tilted optical element relative 
to an input light beam; 

FIGURE 5 illustrates a continuously translatable optical tweezer (trap) array using a 
diffractive optical element; 



3 



WO 99/392Z3 



PCT/US99/02369 



FIGURE 6 illustrates a method and system for manipulating particles using an optical 
tweezer array while also forming an image for viewing the optical trap array; and 

FIGURE 7A illustrates an image of a four by four array of optical tweezers (traps) 
using the optical system of FIG. 6; and FIG. 7B illustrates an image of one micrometer 
diameter silica spheres suspended in water by the optical tweezers of FIG. 7A immediately 
after the trapping illumination has been extinguished, but before the spheres have diffused 
away. 

DETAILED DESCRIPTION OF THE PREFERRED EM BODIMENTS 

In order to best understand the improvement of the invention, FIGS. 1 and 2 illustrate 
several prior art methods and systems. These systems will first be reviewed, and then the 
invention will be described in terms of the preferred embodiment examples of FIGS. 3-7 A and 
7B. In prior art optical tweezer system 10 of FIG. 1, optical gradient forces arise from use of 
a single beam of light 12 to controllably manipulate a small dielectric particle 14 dispersed in 
a medium 16 whose index of refraction, n», is smaller than that of the particle 14. The nature 
of the optical gradient forces is well known, and also it is well understood that the principle 
has been generalized to allow manipulation of reflecting, absorbing and low dielectric constant 
panicles as well. Any of these techniques can be implemented in the context of the invention 
described hereinafter and will be encompassed by use of the terminology optical tweezer, 
optical trap and optical gradient force trap hereinafter. 

The optical tweezer system 10 is applied by using a light beam 12 (such as a laser 
beam) capable of applying the necessary forces needed to carry out the optical trapping effect 
needed to manipulate a panicle. The objective of a conventional form of the optical tweezer 
10 is to project one or more shaped beams of light into the center of a back aperture 24 of a 
converging optical element (such as an objective lens 20). As noted in FIG. I the light beam 
12 has a width w w" and having an input angle 0 relative to an optical axis 22. The light beam 
12 is input to a back aperture 24 of the objective lens 20 and output from a front aperture 26 
substantially converging to a focal point 28 in focal plane 30 of imaging volume 32 with the 
focal point 28 coinciding with an optical trap 33. In general, any focusing optical system can 
form the basis for the optical tweezer system 10. 

In the case of the light beam 12 being a collimated laser beam and having its axis 
coincident with the optical axis 22, the light beam 12 enters the back aperture 24 of the 
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objective lens 20 and is brought to a focus in the imaging volume 32 at the center point c of 
the objective lens focal plane 30. When the axis of the light beam 12 is displaced by the angle 
0 with respect to the optical axis 22. beam axis 3 1 and the optical axis 22 coincide at the 
center point B of the back aperture 12. This displacement enables translation of the optical 
trap across the field of view by an amount that depends on the angular magnification of the 
objective lens 20. The two variables, angular displacement 0 and varying convergence of the 
light beam 12.. can be used to form the optical trap at selected positions within the imaging 
volume 32. A multiple number of the optical craps 33 can be arranged in different locations 
provided that multiple beams of light 12 are applied to the back aperture 24 at the different 
angles 0 and with differing degrees of collimation. 

In order to carry out optical trapping in three dimensions, optical gradient forces 
created on the particle to be trapped must exceed other radiation pressures arising from light 
scattering and absorption. In general this necessitates having the wave front of the light beam 
12 to have an appropriate shape at the back aperture 24. For example, for a Gaussian TEM« 
input laser beam, the beam diameter w should substantially coincide with the diameter of the 
back aperture 24. For more general beam profiles (such as Gauss-Laguerre) comparable 
conditions can be formulated. 

In another prior art system in FIG. 2, the optical tweezer system 10 can translate the 
optical trap 33 across the field of view of the objective lens 20. A telescope 34 is constructed 
of lenses LI and L2 which establishes a point A which is optically conjugate to the center 
point B in the prior an system of FIG. 1. In the system of FIG. 2 the light beam 12 passing 
through the point A also passes through the point B and thus meets the basic requirements for 
performing as the optical tweezer system 10. The degree of collimation is preserved by 
positioning the lenses LI and L2 as shown in FIG. 2 to optimize the transfer properties of the 
telescope 34. In addition, the magnification of the telescope 34 can be chosen to optimize 
angular displacement of the light beam 12 and its width w in the plane of the back aperture 24 
of the objective lens 20. As stated hereinbefore, in general several of the light beams 12 can 
be used to form several associated optical traps. Such multiple beams 12 can be created from 
multiple independent input beams or from a single beam manipulated by conventional 
reflective and/or refractive optical elements. 

In one preferred embodiment of the invention shown in FIG. 3. arbitrary arrays of 
optical traps can be formed. A diffractiye optical element 40 is disposed substantially in a 
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plane 42 conjugate to back aperture 24 of the objective lens 20. Note that only a single 
diffracted output beam 44 is shown for clarity, but it should be understood that a plurality of 
such beams 44 can be' created by the diffractive optical element 40. The input light beam 12 
incident on the diffractive optical element 40 is split into a pattern of the output beam 44 
characteristic of the nature of the diffractive optical element 40, each of which emanates from 
the point A. Thus the output beams 44 also pass through the point B as a consequence of the 
downstream optical elements described hereinbefore. 

The diffractive optical element 40 of FIG. 3 is shown as being normal to the input light 
beam 12. but many other arrangements, are possible. For example, in Fig. 4 the light beam 12 
arrives at an oblique angle (3 relative to the optic axis 22 and not at a normal to the diffractive 
optical element 40. In this embodiment, the diffracted beams 44 emanating from point A will 
form optical traps 50 in focal plane 52 of the imaging volume 32 (seen best in FIG. 1). In this 
arrangement of the optical tweezer system 10 an undiffracted portion 54 of the input light 
beam 12 can be removed from the optical tweezer system 10. This configuration thus enables 
processing less background light and improves efficiency and effectiveness of forming optical 
traps. 

The diffractive optical element 40 can include computer generated holograms which 
split the input light beam 12 into a preselected desired pattern. Combining such holograms 
with the remainder of the optical elements in FIGS. 3 and 4 enables creauon of arbitrary 
arrays in which the diffractive optical element 40 is used to shape the wavefront of each 
diffracted beam independently. Therefore, the optical traps 50 can be disposed not only in the 
focal plane 52 of the objective lens 20, but also out of the focal plane 52 to form a three- 
dimensional arrangement of the optical traps 50. 

In the optical tweezer system 10 of FIGS. 3 and 4. also included is a focusing optical 
element, such as the objective lens 20 (or other like functionally equivalent optical device, 
such as a Fresnel lens) to converge the diffracted beam 44 to form the optical traps 50. 
Further, the telescope 34. or other equivalent transfer optics,, creates a point A conjugate to 
the center point B of the previous back aperture 24. The diffractive optical element 40 is 
placed in a plane containing point A. 

In another form of the invention, arbitrary arrays of the optical traps 50 can be created 
without use of the telescope 34. In such an embodiment the diffractive optical element 40 can 
be placed directly in the plane containing point B. 
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In che optical tweezer system 10 either static or time dependent diffractive optical 
elements 40 can be used. For a dynamic, or time dependent. version, one can create time 
changing arrays of the optical traps 50 which can be part of a system utilizing such a feature. 
In addition, these dynamic optical elements 40 can be used to actively move panicles and 
matrix media relative to one another. For example, the diffractive optical element 40 can be a 
liquid crystal phase array undergoing changes imprinted with computer-generated holographic 
patterns. 

In another embodiment illustrated in FIG. 5, a system can be constructed to carry out 
continuous translation of the optical tweezer trap 50. A gimbal mounted mirror 60 is placed 
with its center of rotation at point A. The light beam 12 is incident on the surface of the 
mirror 60 and has its axis passing through point A and will be projected to the back aperture 
24. Tilting of the mirror 60 causes a change of the angle of incidence of the light beam 12 
relative to the mirror 60, and this feature can be used to translate the resulting optical trap 50. 
A second telescope 62 is formed from lenses L3 and L4 which creates a point A' which is 
conjugate to point A. The diffractive optical element 40 placed at point A' now creates a 
pattern of diffracted beams 64 , each of which passes through point A to form one of the 
tweezer traps 50 in an array of the optical tweezers system 10. 

In operation of the embodiment of FIG. 5, the mirror 60 translates the entire tweezer 
array as a unit. This methodology is useful for precisely aligning the optical tweezer array 
with a stationary substrate to dynamically stiffen the optical trap 50 through small-amplitude 
rapid oscillatory displacements, as well as for any application requiring a general translation 
capability. 

The array of the optical traps 50 also can be translated vertically relative to the sample 
stage (not shown) by moving the sample stage or by adjusting the telescope 34. In addition, 
the optical tweezer array can also be translated laterally relative to the sample by moving the 
sample stage. This feature would be particularly useful for large scale movement beyond the 
range of the objective lens field of view. 

In another form of the invention shown in FIG. 6 the optical system is arranged to 
permit viewing images of particles trapped by the optical tweezers 10. A dichroic 
beamsplitter 70. or other equivalent optical beamsplitter, is inserted between the objective lens 
20 and the optical train of the optical tweezer system 10. In the illustrated embodiment the 
beamsplitter 70 selectively reflects the wavelength of light used to form the optical tweezer 
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array and transmits other wavelengths. Thus, the light beam 12 used to form the optical traps 
50 is transmitted to the back aperture 24 with high efficiency while light beam 66 used to form 
images can pass through to imaging optics (not shown). 

An illustration of an application of the invention is shown in FIGS. 7A and 7B. The 
diffractive optical element 40 is designed to interact with the single light beam 12 to create a 
4x4 array of collimated beams. A lOOmW frequency doubled diode-pumped Nd: YAG laser 
operating at 532 nm provides a Gaussian TEMoo form for the light beam 12. In FIG. 7A the 
field of view is illuminated in pan by laser light backscattered by sixteen silica spheres 
trapped in the array's sixteen primary optical tweezers 10. The l/im diameter spheres are 
dispersed in water and placed in a sample volume between a glass microscope slide and a 
nOAira thick glass coversiip. The tweezer array is projected upward through the coverslip and 
is positioned in a plane Sum above the coverslip and more than 20 ^m below the upper 
microscope slide. The silica spheres are stably trapped in three-dimensions in each of the 
sixteen optical tweezers 10. 

In FIG. 7B is shown the optically-organized arrangement of spheres 1/30 second after 
the optical tweezers 10 (traps) were extinguished but before the spheres had time to diffuse 
away from the trap site. 

While preferred embodiments of the invention have been shown and described, it will 
be clear to those skilled in the an that various changes and modifications can be made without 
departing from the invention in its broader aspects as set forth in the claims provided 
hereinafter. 
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What Is Claimed Is . 

1 . An apparatus for manipulating particles, comprising: 
a diffractive optical element for receiving a light beam: and 

a focusing element downstream from said diffractive optical element. 

2. The apparatus as defined in Claim I wherein said diffractive optical 
element is selected from the group consisting of an optical grating and a hologram. 

3. The apparatus as defined in Claim 1 further including a system for 
producing a laser beam for input to said diffractive optical element. 

4. The apparatus as defined in Claim i wherein said focusing element _ 
comprises at least one of an objective lens and a diffractive optical element. 

5. The apparatus as defined in Claim 1 further including a telescope lens 
system disposed downstream from said diffractive optical element after interaction of the light 
beam with said diffractive element. 

6. The apparatus as defined in Claim 5 wherein said diffractive optical 
element is disposed perpendicular to an optical axis of said telescope lens system. 

7. The apparatus as defined in Claim 5 wherein said diffractive optical 
element is disposed obliquely to an optical axis of said telescope lens system. 

8. The apparatus as defined in Claim 1 wherein said diffractive optical 
element creates a plurality of diffracted output light beams. 

9. The apparatus as defined in Claim 1 wherein said diffractive optical 
element is disposed substantially in a plane conjugate to a back aperture of said objective lens 
element. 
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10. The apparatus as defined in Claim I wherein said diffractive optical 
element is constructed to form optical traps at spatial locations selected from the group 
consisting of positions in a focal plane and out of a focal plane formed by said objective lens 
element. 

1 1 . The apparatus as defined in Claim I wherein said diffractive optical 
element comprises a dynamically changing diffractive component enabling dynamically 
changing optical traps to be formed by the apparatus. 

12. The apparatus as defined in Claim 1 1 wherein said dynamically 
changing diffractive component comprises a computer-generated hologram. 

13. The apparatus as defined in Claim 12 wherein said apparatus further 
includes a liquid crystal component which is imprinted with the computer-generated hologram. 

14. The apparatus as defined in Claim 5 further including a mirror disposed 
for movement and positioned to receive the light beam downstream from the telescope lens 
system. 

15. The apparatus as defined in Claim 1 further including means for 
performing at least one of steering and focusing the optical trap. 

16. The apparatus as defined in Claim 15 wherein the means for performing 
comprises a diffractive optical element. 

17. An apparatus for manipulating particles, comprising: 
- a diffractive optical element for receiving a laser beam; 

a first telescope lens system disposed downstream from said diffractive optical element 
after interaction of the light beam with said diffractive element; and 

optical means for converging the light beam output from said diffractive optical 
element and said telescope lens system, thereby forming an optical trap. 
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13. The apparatus as defined in Claim 17 further including a mirror 
disposed to enable movement of the optical trap. 

19. The apparatus as defined in Claim 17 wherein said mirror is mounted to 
enable translation of the optical trap laterally and vertically. 

20. The apparatus as defined in Claim 18 further including a second 
telescope lens system disposed downstream from said first telescope lens system and said 
mirror. 

21. The apparatus as defined in Claim 17 wherein said optical means 
comprises at least one of an objective lens and a diffractive optical element positioned to 
receive the light beam received from said telescope lens system. 

22. The apparatus as defined in Claim 20 further including a beamsplitter 
disposed between said second telescope lens system and said optical means, thereby enabling 
viewing of images of the particies being manipulated. 

23. A method for manipulating small dielectric particles, comprising the 

steps of: 

generating a laser beam; 

inputting the laser beam to a diffractive element, passing the diffracted laser beam 
through a telescope lens system; and 

focusing the laser beam output from the telescope lens system to form an optical trap 
for manipulating the small dielectric particles. 

24. The method as defined in Claim 23 further including the step of steering 
the laser beam using a mirror to thereby move the optical trap. 



11 



WO 99/39223 



1/5 



PCT/US99/0:369 




SUBSTITUTE SHEET (RULE 26) 



WO 99/39223 



2/5 



PCT/US99/02369 



FIG. 3 



42 



LI 

DIFFRACTED 
BEAM[S)__ 

^ INPUT _ 
BEAM 



OPTICAL 
TRAP(S) 





SUBSTITUTE SHEET (RULE 26) 





SUBSTITUTE SHEET (RULE 26) 



wo 99/39:: J 



PCT.US99/02369 



4/5 




FIG. 7A 



«nwsnTinr SHEET (RULE 26) 

BEST AVAILABLE COPY 



WO 99/392:3 



5/5 



PCT/CS99/02369 




QH«<5TrnrrP swpft fRULE 26> 



BEST AVAILABLE COPY 



INTERNATIONAL. SEARCH REPORT 



International application No 
PCT/US99/02369 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC<6) :G02B 5/18. 5/32. 27/44; H05H 3/04 
USCL :359/9. 15.566. 569; 250/251 
According to International Patent Classification (IPC) or to both national classification and [PC 



FIELDS SEARCHED 



Minimum documentation searched (clarification system foUowed by classification symbols) 
U.S. : 359/9. 15. 566. 569; 250/251 



Documentation searched other than minimum 



documentation to the extent that such documents arc included in the fields searched 



Eicccronac data baae consulted dunng the internatk>nal search (name of data base and. where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category - 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X 
Y 
X 
Y 
X 
Y 



US 5,327,515 A (Anderson ct al) 05 July 1994, see entire document. 



US 5,113,286 A (Morrison) 12 May 1992, see entire document. 



US 5,473,471 A (Yamagata et al) 05 December 1995, see entire 
document. 



US 5,629,802 A (Clark) 13 May 1997, see entire document. 



1-4 

5,7-10,15. 17,21 
1-4,8 

1-4,8,10.15 

I- 5,8,17 

5,17-19. 
21,23,24 

II- 13 



(3 Further documents are listed in the continuatxm of Box C. Q See patent lam Uy annex. 



te ^ »ot a eamfhex vkh (be AppLcmUtsm but ctuad VO underuand lh* 



•o- 
■p" 



t of pMticwW refcraocc; fte 



I to mm ond 4m 



A to BVOlvC «D uivcnlivt step 



the a«M« 



j fife* <U* k- < 



•A' 



r o/ mom p*icoc fanily 



Date of the actual completion of the uiiernationaj search 
30 MARCH 1999 



Dale of mailing of the international search report 

0 6 MAY 1999 __ 



Name and mailing address of the ISA/US 
Cojmmniooar of Pataau and Trademarka 
Box PCT 

Washington. D C 20231 
Facsimile No. (703) 305-3230 




irized officer 

ON W. HENRY 

No. (703) 305-6106 




Form PCT/IS A/2 1 0 ' (second sheetWJuly 1992)* 



INTERNATIONAL SEARCH REPORT 



International application Nn 
PCT/US99/02369 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* Citation of document, with Wtcation. where appropriate, of the relevant passages 



Relevant u* claim No. 



Chiou, Arthur E. et al. t •Interferometric optical, tweezers." Optics 17-19. 2 1 .23.24 
Communications, 01 January 1997, Vol. 122, pp.7-10. 



Form PCT/1S A/210 (continuation of second ihcctXJuly 1992)* 



